can be adjusted by controlling the size of nanocrystals based on the quantum confinement effect [9, 10] . The use of doped nc-Si:H films in solar cells, instead of a-Si:H films, overcomes the light induced degradation effect, which improves the power conversion efficiency of cells. As a result, it is an important issue to realize the influence of doping on carrier transport and optical properties.
EXPERIMENTAL SECTION
The films and P-N junctions considered in this study were fabricated using plasma-enhanced chemical vapor deposition (PECVD) system at substrate temperature of 250°C. Boron doped hydrogenated a-Si:H films for the structural, electrical, and optical measurements were deposited on quartz plates. Silane (SiH 4 ), diborane (B 2 H 6 , 5% in H 2 ), and hydrogen (H 2 ) were used as the source gases. During the growth process, the flow rate of SiH 4, B 2 H 6 and H 2 was maintained at 1.5, 0.5, and 80 sccm, respectively. The rad io frequency (RF) power was maintained at 30 W. The pressure in the chamber was maintained at 60 Pa by controlling the pumping speed. The thickness of films was approximately 300 nm. After the deposition, the samples were individually annealed in the conventional furnace at temperatures of 800 and 1000°C for 1 h in nitrogen ambient.
The P-N junction cells were fabricated through the following deposition sequence. First, ~100 nm thick p-type a-Si:H films were deposited on n-type c-Si substrates, and
INTRODUCTION
Due to their applications in optoelectronic devices, amorphous silicon (a-Si:H) thin films have been investigated widely, and the optical and electric properties of a-Si:H thin films have been reported in many studies [1] [2] [3] . Compared with a-Si:H films, nanocrystalline silicon (nc-Si:H) films consisting of crystallites and amorphous phases exhibit many novel characteristics such as high conductivity, low activation energy, and high photo-absorption coefficient. These characteristics are due to the fact that these films can be easily doped and also due to the quantum size effect [4] [5] [6] . In order to further improve the performance of the device, a study on the microstructures and physical properties of nc-Si:H films is required to be carried out. Many efforts have been made aiming to perform fundamental studies on the microstructure and carrier transport in nc-Si:H films [7, 8] . Meanwhile, for the application in devices such as thin film solar cells, the structure and performance of silicon thin films should be tailored by doping. It has been reported that the diffusion length and mobility of carriers in doped nc-Si:H films can be improved by the treatment of doping, and the band structures of the film then annealed in a conventional furnace at temperatures of 800 and 1000°C for 1 h in nitrogen ambient. Then, an ~200 nm thick transparent conducting film was sputtered in Ar plasma using a 2 wt.% Al 2 O 3 doped ZnO (ZnO:Al) target through a shadow mask to form top electrodes with diameter of 1.5 mm. The substrate temperature, pressure, and RF power during the process was 150°C, 1.0 Pa, and 300 W, respectively. Finally, an ~300 nm thick Al film was prepared by a thermal evaporation technique, which was used as a back contact.
Temperature dependent conductivity measurements of the samples were performed in vacuum lower than 10 −3 Pa using a Keithley 610C programmable electrometer. Before the measurements, all the samples were heated at 423 K for 30 min to remove the absorbance from the films. Then, the dark conductivity measurements were performed at temperatures ranging from 423 K to room temperature. The optical band gap of the films was deduced using the transmission spectra measured through a Shimadzu UV-3600 spectrophotometer at room temperature. Raman signals were detected by a Jobin Yvon Horiba HR800 spectrometer operating at 1800 g mm −1 grating. The excitation light source is an Ar laser with a wavelength of 488 nm. The IV-parameters for the cells e.g., the conversion efficiency (E ff ), were measured using an AM 1.5 sun simulator. The Oriel IQE-200 measurement system was used for the spectral response characterization.
RESULTS AND DISCUSSION
Raman spectra of the samples, annealed at different temperatures, are given in Fig. 1 . It can be seen that the as-deposited samples exhibit a purely amorphous structure. After annealing at 800°C, the crystallization occurs, and the degree of the crystallinity increases as the annealing temperature increases to 1000°C. The inset of Fig. 1 shows the measured XPS spectra of the samples. The B 1s peak around 188 eV attributed to the B-B/B-Si suggests that the boron atoms are substitutionally doped in silicon films. Meanwhile, the dopant concentration is estimated to be 1.04 at.% for the as-deposited samples, and it is increased to 1.49 at.% for samples annealed at 1000°C. Combining the Raman and XPS spectra, it can be seen that the boron dopant can be effectively activated by thermal annealing and the boron-doped nc-Si:H films are obtained.
By using the Tauc plot, the optical band gap E g can be obtained using the extrapolation of the (ahν) 1/2 vs. the photon energy (hν) curve to zero ordinate [12] . Fig. 2 shows the variation in the band gap with different annealing temperatures. It can be seen that, with the increase in the annealing temperature, the optical band gap increases to 2.07 eV for samples annealed at 1000°C. As shown in Fig. 1 , the formation of Si nanocrystals with a small size occurred after the 
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annealing at 800°C; this can cause an increase of the optical band gap due to the quantum confinement effect and an increase of the grain boundary. Moreover, with the increase in the volume fraction of the crystallized component, the band gap increases [12, 13] . As a result, with the increase in the annealing temperature to 800 and 1000°C, the degree of crystallinity is increased, and the corresponding optical band gap increases. Dark conductivity (σ) was measured in vacuum from room temperature to 423 K. As shown in Fig. 3 , as the annealing temperature increases to 1000°C, the dark conductivity at room temperature approximately reaches a value of 2.0×10 2 S cm −1
. From the Arrhenius plot of log(σ) against the reciprocal absolute temperature, the activation energy (E a ) can be deduced [14] . As shown in Fig. 3 , the activation energy values for the samples are below 0.5 eV. As the annealing temperature increases to 1000°C, the activation energy rapidly decreases approximately to zero. The reduction in the activation energy for doped films indicates that a huge of doped atom in the film has been activated. This result is consistent with the results of the XPS spectra. The p-type films with low activation energy and high conductivity should be applied as the p-type layer material for solar cells [15] . Many studies have reported the changes of the optical band gap and the conductivity of silicon films by using the dopant activation and the formation of nanocrystals in films [1] . Meanwhile, it is worth pointing out that the properties of films can be affected by the surface of the films. With the increase in the annealing temperature, the surface of the films should be changed, which may affect the characteristics of the films. Further work will be performed to study the effects of silicon film surface.
For further investigation of doped silicon materials, P-N junction solar cells were prepared. By using AM 1.5 illumination, the typical current-voltage characteristics of the cells were measured. The device parameters are summarized in Table 1 . It can be seen that the conversion efficiency (E ff ) is very low for the as-deposited sample. E ff increases monotonously with the increase in the annealing temperature. The samples annealed at 1000°C show the best E ff of 4.06 % with high open current voltage (V oc ), high short circuit current (I sc ), and high fill factor (FF), which should be attributed to the formation of nc-Si:H and the activation of boron dopant as discussed in Fig. 1 [16] .
Without background illumination, the external quantum efficiency (EQE) spectra were measured. As shown in Fig. 4 , with the increase in the annealing temperature, the peak values of the curves are enhanced. For the sample annealed at 1000°C, the peak values of the curves are approximately 60% in almost the entire measurement spectra range (400-1200 nm). Compared with the as-deposited sample, the EQE of cells annealed at 800 and 1000°C is much higher, which is caused by the higher I sc in p-type nc-Si:H. Meanwhile, it should be noted that the conversion efficiency of the cells shown here is lower than that of the state-of-the-art silicon-based solar cells. To design a competitive device, the device structure and preparation 
